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Aims. The pulsar PSR B1828−11 has long-term, highly periodic and correlated variations in both pulse shape and the
rate of slow-down. This phenomenon may provide evidence for precession of the pulsar as suggested previously within
the framework of free precession as well as forced one. Based on the presumption of forced precession, we propose a
quark planet model to this precession phenomenon instead. In the model, the pulsar is torqued by a quark planet.
Methods. We construct this model by constraining mass of the pulsar (Mpsr), mass of the planet (Mpl) and orbital
radius of the planet (rpl). Five aspects are considered: derived relation between Mpsr and rpl, movement of the pulsar
around the center of mass, ratio of Mpsr and Mp, gravitational wave radiation timescale of the planetary system, and
death-line criterion. We also calculate the range of precession period derivative and gravitational wave strength (at
earth) by the model.
Results. Under reasonable parameters, the observed phenomenon can be understood by a pulsar (10−4 ∼ 10−1M⊙) with
a quark planet (10−8 ∼ 10−3M⊙) orbiting it.
Conclusions. According to the calculations presented, the pulsar would be a quark star because of its low mass, which
might eject a lump of quark matter (to become a planet around) during its birth.
Key words. Pulsars: individual (PSR B1828−11) — stars: planetary systems — gravitational waves
1. Introduction
The pulsar PSR B1828−11 shows long-term, highly pe-
riodic and correlated variations in both the pulse shape
and the slow-down rate. Its variations are best described
as harmonically related sinusoids, with periods of approx-
imately 1000, 500 and 250 days (Stairs et al. 2000). The
phenomenon indicates the most compelling evidence for
precession (Link & Epstein 2001). To explain this phe-
nomenon, some authors (Jones & Andersson 2001, Link &
Epstein 2001) have proposed different models within the
framework of free precession. However, there are still some
problems with free precession assumption. For example, the
ellipticity (or dynamical flattening) of the pulsar derived
from free precession model is not fitted with the one cal-
culated by Maclaurin approximation. Consider the pulsar
as a rotation ellipsoid with the principal moment of inertia
Ix = Iy < Iz and the corresponding radii a = b > c. In
free precession models, the stellar dynamical flattening is
ǫ = (Iz − Ix)/Ix = e2/(2 − e2) = P/Pprece ≈ 10−8, where
P is the spin period, Pprece is the precession period of the
pulsar and e =
√
1− c2/a2 is the stellar eccentricity. It
can be approximated as e2/2 since e ≪ 1. Meanwhile, if
the pulsar is a conventional Maclaurin spheroid, the stel-
lar ellipticity can be approximately determined from ε =
[1 − (c/a)2/3]/(c/a)2/3 ≈ e2/3 ≈ 2ǫ/3 ≈ 3 × 10−3P−210ms ≈
2 × 10−6 (Xu 2006, Zhou et al. 2004). These two values, ǫ
and ε, which are expected to be generally matched if free
precession model is available, are quite different. Besides,
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the rotation of the superfluid accounting for a large pro-
portion of the moment of inertia of the pulsar, is con-
tained in an array of vortices. Models, in which vortices
pinned to the stellar crust become unpinned during a glitch,
might have described the occurrence of and recovery from
glitches (Alpar et al. 1984). The vortex pinning will damp
out free precession on timescales of several hundred preces-
sion periods (Shaham 1977, Sedrakian et al. 1999) if the
pinning force is as strong as suggested in the glitch models.
Therefore, new ideas need to be devised to explain the phe-
nomenon of precession instead of the free precession ones.
Actually, a forced precession model driven by an fossil disk
was presented in Qiao et al. (2003).
Here we alternatively present a quark planet model to
explain the phenomenon of precession. In this model, forced
precession is caused by a quark planet orbiting the pulsar.
In Sect. 2, first we establish the relation between mass of
the pulsar and orbital radius of the planet in case that the
dynamical flattening is obtained from Maclaurin approxi-
mation (Xu 2006). Then we explain why the planet should
be a quark planet, rather than a normal one like the earth
or Jupiter. Next we limit movement of the pulsar around
the center of mass by errors in the TOAs (time-of-arrival).
Death-line criterion and limitation on gravitation wave ra-
diation timescale are also considered so as to constrain or-
bital radius, mass of the pulsar and mass of the planet. In
Sect. 3, we calculate the precession period derivative and
gravitational wave radiation strength of the pulsar for dif-
ferent mass of the pulsar and orbital radius of the planet.
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Fig. 1. Relation between mass of the planet (Mpl) and or-
bital radius (rpl) for 500-day precession period from Eq. (2).
We can haveMpl cos θpl ≈Mpl if θpl is not close to 90◦. The
figure indicates that reasonable value of Mp (Mpl < M⊙)
may be found while rpl is less than 10
9 cm.
In Sect.4, we conclude by discussing the formation of such
system and expecting further observation to test the model.
2. Precession torqued by a quark planet
First of all, we suppose that the pulsar PSR1828−11 could
be either neutron star or quark star since both are candi-
date models for pulsar. In case that the precession period
is much longer than the spin period, the angular velocity





ǫ cos θpl, (1)
where α˙ is the precession angular velocity, ω is the rota-
tional angular velocity of the spinning pulsar, rpl is orbital
radius of the planet, G is gravitational constant, Mpl is
mass of the planet, ǫ ≈ 3ε/2 ≈ 3 × 10−6 is the stellar dy-
namical flattening and θpl is average inclination of planet





where P = 2π/ωp is spin period and Pprece = 2π/α˙ is
precession period of the pulsar. If we consider a normal
planet similar to the earth or Jupiter, the typical value of
rpl should be 0.1 AU or 1 AU and the corresponding value
of Mpl is much larger than the solar mass. In Fig. 1, the
relation between Mp cos θpl and rpl is shown derived from
the 500-day precession period. We can see that if rpl reaches
109 cm and θpl is not close to 90
◦, mass of the planet will
be over the solar mass. A planet needs to be of several
billion times of M⊙ to provide enough torque if it locates
at 1 AU away from the pulsar. The result is not surprising,
because the pulsar has a much shorter forced precession
period and thus the torque that dominates the precession
needs to be much stronger. Meanwhile, precession torque


















Fig. 2. To constraint on rpl (the orbital radius of the
planet) and Mpsr (the mass of the pulsar) by observations
and theoretical arguments. The shadowed ‘Available’ re-
gion surrounded by Line (1)–(5) is the parameter space for
rpl andMpsr. The five lines are defined by Eq. (20)–(24). In
this figure we use cos θpl = 1. The locations of Line (1)–(3)
will not change much with the change of average inclination
of planet orbit θpl from 0
◦ to 80◦ (see Table 1).
is reduced when the distance between the pulsar and the
planet becomes longer. Consequently, if there is a planet
close to the pulsar, it may be able to provide enough torque
to cause the short-period precession. That is the reason
that we consider quark planet since its orbital radius could
mainly depend on the kick energy, which can vary in a large
range (Sect. 4).
Therefore, we suppose that the orbital radius of the
planet is between (106 cm, 109 cm), where 106 cm is typ-
ical radius of a normal neutron star. Besides, for PSR
B1828−11, the errors in the TOAs (time-of-arrival) are
limited by random noise to about τc ≈ 0.2 ms (Stairs et
al. 2000). In such a planetary system, the pulsar is not
likely to move more than about τcc ≈ 6 × 106 cm around
the center of mass, so its orbital radius should be less than
3 × 106 cm. In addition, if the eccentricity of the orbit is
not large, we can have Mplrpl ≈ Mpsrrpsr, where Mpsr and
rpsr are mass of the pulsar and its orbital radius around
the center of mass, respectively. Since rpsr has a maxi-
mum rpsr,max=3 × 106 cm, the relation can be derived as
Mplrpl < Mpsrrpsr,max. Finally, in a planetary system, mass
of the pulsar should be much larger than that of the planet
so we approximately assume Mpsr/Mpl > k = 10.
Next we consider the gravitational wave radiation
(GWR) of the planetary system for further limitation.
In normal double neutron star system, the distance be-
tween the two stars is about 1010 cm. Therefore the
timescale of GWR is rather long, usually 104 years (Hulse
& Taylor 1975, Taylor & Weisberg 1982). However, in this
quark planet system, due to the short distance between the
two objects, the power of GWR may be significantly larger.
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where a ≃ rpl is the semi-major axis of the orbit, m =
Mpl +Mpsr and µ =MplMpsr/(Mpl +Mpsr) is the reduced
mass. The GWR costs the total of potential energy and












If the planetary system is stable, the timescale must be
long enough. Here we approximately set it as τ > τ0 = 10
2
years≈ 3× 1011 s.
Additionally, we consider the death-line criterion, which
requests the potential drop at the polar cap of the pulsar
be more than φ0 ≃ 1012 V (Ruderman & Sutherland 1975,
Usov & Melrose 1995). If we assume that PSR1828−11 is





where B is the polar magnetic field strength at pul-
sar surface, R ≈ (3Mpsr/(4πρ))1/3 is the pulsar radius,
ρ ≈ 7 × 1014 g/cm3 is the density of the pulsar and
θ = arcsin
√
2πR/(cP ) is the opening half-angle of the po-
lar cap. Here we use the density for quark stars to obtain
the lower limit of Mpsr. The magnetic field can be approx-






where I ≈ (2/5)MpsrR2 is the principal moment of inertia.
From Eq. (6) and (7), the relation between potential drop
and mass of the pulsar can be derived as below










)1/5 ≈ 3× 10−3M⊙. (9)
Actually, the assumption of alignment in PSR1828−11 is
rather strong. The potential drop from Eq. (6) can be larger
by more than one magnitude if the inclination of planet
orbit is not zero (Yue et. al 2006). Consequently, constraint
on mass of the pulsar can be lower by about one magnitude,
that is Ms > 10
−4M⊙.
Now there are five limitations for Mpsr, rpl and Mpl:
Mpsr/Mpl > k, (10)





rpl ∈ (106 cm, 109 cm), (13)
Mpsr > 10
−4M⊙. (14)
If we consider Mpsr ≫Mpl and take the place of Mpl with
















rpl ∈ (106 cm, 109 cm), (18)
Mpsr > 10
−4M⊙. (19)
In Fig. 2 we consider the above limitations and figure out
the available range for Mpsr and rpl. Accordingly, point
(Mpsr, rpl) should be above Line (1) and (2), below Line
(3) and (5) and on the right of Line (4). As is shown, the
shadowed area is available for point (rpl,Mpsr). Line (1)-(5)
are defined as below















Line (4) : rpl = 10
6 cm, (23)
Line (5) : Mpsr = 10
−4M⊙. (24)
The available value range of rpl, Mpsr andMpl are (10
6 cm,
108 cos1/7 θpl cm), (10
−4M⊙, 9 × 10−2 cos−3/7 θplM⊙) and
(6 × 10−9 cos−1 θplM⊙, 6 × 10−3 cos−4/7 θplM⊙). In Fig. 2
we use cos θpl = 1 because the positions of Line (1), (2) and
(3) do not vary distinctly with the changing of θpl from 0
◦
to 80◦. Different value ranges of rpl, Mpsr and Mpl with
different θpl are shown in Table 1.
3. To test the model by further observation
Loss of the total energy of the system caused by gravi-
tational wave radiation will lead to decay of the planet or-
bit. Correspondingly, precession period will be reduced with
the decreasing of orbital radius. Meanwhile, the planetary
system may act as a detectable gravitational wave source.
Therefore, it is possible to test and improve the model by
GWR detection and long-period observation for precession
period derivative (P˙prece).
So next we calculate P˙prece and the characteristic am-
plitude of GWR source strength (hc) for different rpl and
Mpsr, respectively. From Eq. (2), if orbital radius has a





In this case we do not consider the change of spin period
(The result will prove its reasonableness). Similarly, from
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Fig. 3. A zoomed parameter space for the ‘Available’ re-
gion. The procession period derivative (P˙prece = dPprece/dt,
dash lines), the perturbed metric (ha, dot lines), and grav-
itational wave frequency (ν, dash-dot lines) are drawn. We
choose cos θpl = 1 in the calculations. The expected values
of P˙prece and ha permitted by the model are shown.
In addition, the slight change of mechanical energy is caused







ConsideringMpsr ≫Mpl and combining Eq. (25)–(27) give








Meanwhile, rate of loss of angular momentum caused by








where E˙ is the rate of loss of the total energy, Ω =√
GMpsr/r3pl is the period of revolution of the planet and
d=3.58 kpc (Taylor & Cordes 1993) is the distance of the
pulsar. ha is the source’s ‘angle-averaged’ field strength (at
earth) and approximately we have ha ≈ hc (ha ≈ 1.15hc,





















In Fig. 3, relations between rpl and Mpl from Eq. (28)
for a group of P˙prece, from Eq. (31) for a group of ha and
from Eq. (32) for a group of ν are shown (cos θpl ≃ 1). The
relations are limited by the available area for point (rpl,
Mpl) from Fig. 1. As is shown, the maximum and minimum
of P˙prece are 5 × 10−2 and 6 × 10−7 while those of ha are
9×10−24 and 10−30. The result indicates that the precession
period changes much quickly than spin period of the pulsar
and GWR at earth is not intense enough to be detected by
LIGO at its working frequency. For example, at a frequency
of 10 Hz, value of ha is about 10
−25, which is below the
current detection limit of the LIGO at the same frequency
(about 10−22).
4. Discussion and Conclusion
Within the framework of forced precession, we propose
a quark planet model to explain the precession of PSR
B1828−11. The observed phenomenon can be understood
by a pulsar (probably a quark star) together with a quark
planet which torques dominantly the pulsar to precess. In
principle, orbital radius of the quark planet should be be-
tween 106 cm and 108 cm while the range of mass of the pul-
sar and the planet are approximately (10−4M⊙, 10
−1M⊙)
and (10−8M⊙, 10
−3M⊙), respectively. This results might
not be strange since other candidates of low-mass quark
stars were also discussed previously (Xu 2005, Yue et al.
2006). We calculate the model-permitted precession period
derivative and characteristic amplitude of GWR for the sys-
tem. The precession period changes much quickly than spin
period of the pulsar; meanwhile, GWR strength at earth
may not be large enough to be detected by current LIGO.
If there is a quark planet providing torque for the forced
precession of pulsar PSR B1828−11, it should be close to
the pulsar with a distance of several times of the pulsar’s
radius. The pulsar mass should also be significantly lower
than M⊙, which may suggest that the pulsar would be a
quark star. Such kind of planets, orbiting closely to the
center pulsars, could be ejecta during the formation of the
quark stars with strong turbulence if the surface energy is
reasonable (Xu 2006). Therefore, considering the orienta-
tion of the system’s angular momentum, the planet is not
likely to have a inclination of orbit very close to 90◦ and
our previous analysis with θpl varying from 0
◦ to 90◦ can
work effectively.
In this paper we do not consider the possibility of more
than one planet, which may provide a way to explain the
other two possible precession periods of the pulsar. The
limitation on orbital radius and ratio of the pulsar mass
to the planet one could be improved if the formation of
the system is considered. However, precession periods of
the pulsar cannot be exactly obtained now from the seem-
ingly periodic post-fit timing residuals. Long-period obser-
vation in the future is necessary in order to obtain more
accurate precession period derivative of the system. Since
2000, the pulsar has accomplished several precession pe-
riod. Therefore, if precession period derivative reaches its
maximum in this model, the precession period may have
changed tens of days. In addition, we need observation for
gravitational wave to test and improve the model. Whether
it can be detected or not will both provide further limita-
tion on mass of the pulsar and orbital radius of the planet.
Acknowledgements. We would like to thank K. J. Lee and G. J. Qiao
for their help and appreciate various stimulating discussions in the
pulsar group of Peking University. This work is supported by National
Nature Sciences Foundation of China (10573002) and by the Key
Grant Project of Chinese Ministry of Education (305001).
K. Liu et al.: PSR B1828−11: a precession pulsar torqued by a quark planet? 5
References
Alpar, M. A., Anderson, P. W., Pines, D.,& Shaham, J. 1984, ApJ,
276, 325
Hulse, R. A.,& Taylor, J. H. 1975, ApJ, 195, L51
Jones, D. I.,& Andersson, N. 2001, MNRAS, 324, 811
Link, B.,& Epstein, R. I. 2001, ApJ, 556, 392
Manchester, R. N., & Taylor, J. 1977, Pulsars (Freeman, San
Francisco)
Menke, W.,& Abbott, D. 1990, Geophysical Theory, (Columbia
University Press, New York) 120
Misner, C. W., Thorne, K. S.,& Wheeler, J. A. 1973, Gravitation, (W.
H. Freeman and Company, San Francisco) 988
Qiao, G. J., Xue, Y. Q., Xu, R. X., Wang, H. G.,& Xiao, B. W. 2003,
A&A, 407, L25
Ruderman, M.,& Sutherland, P. G. 1975, ApJ, 196, 51
Sedrakian, A., Wasserman, I.,& Cordes, J. M. 1999, ApJ, 524, 341
Shaham, J. 1977, ApJ, 214, 251
Stairs, H., Lyne, A. G.,& Shemar, S. L. 2000, Nature, 406, 484
Taylor, J. H.,& Weisberg, J. M., 1982, ApJ, 253, 908
Taylor, J. H.,& Cordes, J. M. 1993, ApJ, 411, 674
Ushomirsky, G., Cutler, C.,& Bildsten, L. 2000, MNRAS, 319, 902
Usov, V. V.,& Melrose, D. B. 1995, Australian J. Phys., 48, 571
Wolszczan, A.,& Frail, D. A. 1992, Nature, 355, 145
Xu R. X., 2005, MNRAS, 356, 359
Xu, R. X. 2006, Astroparticle Physics, 25, 212
Yue, Y. L., Cui, X. H.,& Xu, R. X. 2006, ApJ, 649, L95
Zhou, A. Z., Xu, R. X., Wu, X. J.,& Wang, N. 2004, Astroparticle
Physics, 22, 73
6 K. Liu et al.: PSR B1828−11: a precession pulsar torqued by a quark planet?
Table 1. The parametric range of rpl, Mpsr and Mpl for different inclination of planet orbit, θpl. The variation of the
range is not significant for θpl from 0
◦ to 80◦.
θpl rp Ms Mp





















80◦ (106 cm, 8× 107 cm) (10−4M⊙, 2× 10
−1
M⊙) (3× 10
−8
M⊙, 2× 10
−2
M⊙)
